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On the assessment of an optimized method to
determine the number of turns and the air gap
length in ferrite-core low-frequency-current biased
inductors
Andre´s Vazquez Sieber and Mo´nica Romero
Abstract—This paper presents a first assessment of a design
method [1] aiming at the minimization of the number of turns
N and the air gap length g in ferrite-core based low-frequency-
current biased AC filter inductors. Several design cases are
carried on a specific model of Power Module (PM) core, made
of distinct ferrite materials and having different kinds of air gap
arrangements The correspondingly obtained design results are
firstly compared with the classic approach by linearization of
the magnetic curve to calculate N and the use of a fringing
factor to determine g. Next, a refined design approach of
specifying the inductance roll-off at the peak current and its
potential limitations are discussed with respect to [1]. Finally,
the behaviour of inductors designed according to [1] operated
beyond their design specifications is analyzed.
I. INTRODUCTION
FERRITE core based inductors are being increasingly em-ployed into high-frequency high-power converters. Their
low loss figures at such frequencies, their vast availability
in shapes, sizes and materials already tailored for specific
applications as well as their mature and well-known technol-
ogy mainly justify that trend. To design a ferrite-based low-
frequency-biased AC filter inductor is more challenging than
a pure AC inductor since in the former case, the required in-
ductance to block relatively high-frequency currents, has to be
maintained even when usually a higher level of relatively low-
frequency currents is superimposed. Complying the inductor
with those constrains, [1] presents a design method that further
determines the minimum number of turns to be winded and
the optimum air gap length to be made on a given model of
ungapped ferrite core. This is a very convenient strategy to
minimize the copper power loss and simultaneously to reduce
the intra-winding stray capacitance. It is therefore necessary
a) to assess the results yield by [1] through comparisons with
other design approaches and b) to establish its benefits and
potential limitations.
Although the design procedure of [1] can be applied to
an inductor based on any kind of ferrite core, it is clearly
oriented to high-power inductors. Any reduction in the number
of winding turns translates into important savings in cost and
thermal stress as well as the provision of a minimum, precise
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Fig. 1. {Nmin, gopt} and {N, g} as a function of iˆLF , for a constant L ˆrev :
a) 0.5mH, b) 2mH. N27 ferrite material, qg = 1.
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Fig. 2. {Nmin, gopt} and {N, g} as a function of iˆLF , for a constant L ˆrev :
a) 0.5mH, b) 2mH. N27 ferrite material, qg = 2.
and accurate air gap length minimizes the heating and radiation
effects of fringing fluxes while it facilitates the final inductance
adjustment during manufacturing. Accordingly, the assessment
of [1] should be firstly performed on inductors having core
shapes well-suited to that power levels and so this paper is a
first attempt in that direction. Among the many existing ferrite
cores designed to handle relatively high currents, the Power
Module (PM) core [2] is an attractive shape because a) it
provides a balanced trade-off between magnetic shielding and
power dissipation capabilities, b) it can be conveniently potted
2into a metallic heatsink to reduce the thermal resistance, c) its
circular coil former offers a lower mean turn length than in a
rectangular E core for the same cross-sectional area and d) it
is easier to wind and to adjust the air gap compared to toroids.
Hence, the assessment carried out in this paper focalizes on
this type of core, but due to space restrictions, it is limited
to a particular PM core model, the TDK-EPCOS PM 62/49
[2]. However, it is examined in combination with two different
ferrite material, N27 and N87, as well as having two different
air gap arrangements: a) a single air gap located in the central
leg or b) three air gaps of equal length each one located in
the respective leg of the core. The detailed definitions and
datasheet parameters required to apply [1] to this particular
model or to any other size/brand of PM ferrite cores are found
in [3]. Likewise, datasheet and model parameters related to
ferrite material N27 and N87 needed by [1] are available in
[4].
This paper is organized as follows. In section II, the funda-
mentals of [1] are revisited and the general setup of the sim-
ulations are presented. In section III, the design results yields
by [1] are compared with that obtained from the traditional
method by linearization of the ferrite magnetization curve plus
the use of a fringing factor to determine the air gap. In section
IV, a conceptual critique is posed on a refined method which
requires to specify the initial inductance and its roll-off at peak
current. In section V, inductors designed according to [1] are
driven beyond their original specifications and their behaviours
are then analyzed. In section VI conclusions are presented.
For the sake of completeness, definitions of variables and
parameters belonging to the models and methods of [1], which
are referred all along this paper are summarized in Appendix
A.
II. FUNDAMENTALS AND SETUP OF THE DESIGN METHOD
In this section the key concepts and requirements of the
method developed in [1] are refreshed as well as the gen-
eral setup and some particular implementation details are
explained.
The goal of the design method presented in [1] is the
obtention of an inductor with the minimum number of turns
Nmin and the minimum nominal air gap length with its
tolerance g = gopt ± ∆g, for a target reversible inductance
L ˆrev at given low-frequency peak current iˆLF and a core
temperature distribution Tc. The adoption of gopt is optimum
in the sense that a) the maximum possible manufacturing
tolerance ∆g is ensured, for the resulting Nmin and b) if the
actual g ∈ [gopt −∆g, gopt + ∆g] then the actual L ˆrev is at
least the target one. This requires the initial selection of a) an
ungapped core model to get its dimensions and the properties
of the ferrite material and b) the winding wire gauge, from
which are obtained estimations of wire temperature Tw and
Tc. The following constraints should be initially specified: a)
the maximum number of winding turns allowed (N∗high), b) the
number of air gaps used (qg) and c) the per-unit manufacturing
precision limit for the air gap length (Tolg). Additionally, an
unreachable lowest limit of Nmin, N
∗
low should be selected in
order to ultimately find Nmin ∈ (N∗low, N∗high]. Inductors are
specified as qg = 1 for being based on a core having a single
air gap in the central leg while as qg = 2 for having the two
halves of the PM core separated by an spacer, conforming so
another gap divided in each of the two external legs [3].
Although [1] is suitable to design inductors subjected to
a certain type of non-uniform temperature distribution in
the core volume, all inductors designed in this paper are
based on a ferrite PM core model operated at a uniform
Tc = ~100oC unless otherwise noted, since the other methods
to be compared with only allow the hypothesis of uniform
core temperature. Tolerance Tolg is here set to 10% for the
sake of algorithm convergence in the case of qg = 1 but it
is disregarded elsewhere in order to obtain the best possible
Nmin. In all the simulation, ∆ΨHF is related to ∆iHF as
∆iHFL ˆrev ≈ ∆ΨHF = 1
6000
Vs
Accordingly, the target values of L ˆrev are selected in such a
way that ∆iHF
iˆLF
≪ 1 to be so placed in a small-signal scenario
in which L
∆ˆ
is very close to L ˆrev [4]. This is required for a
further experimental assessment of L ˆrev by measuring L∆ˆ.
III. COMPARISON: LINEARIZATION OF THE
MAGNETIZATION CURVE AND USE OF THE FRINGING
FACTOR
In this section, the design method presented in [1] is
compared with the widely used method explained in [5]. It
essentially considers Li = La = L∆ˆ = L ˆrev as long as in any
part of the core, the absolute peak induction BˆLF +
∆BHF
2
≤
Bmax. Bmax ≈ 0.35T is commonly set regardless the kind of
ferrite material while a core temperature Tc = 100
oC is also
usually assumed uniform in all parts of the core.
The number of turns N is simply given by
N = ceil
(
L ˆrev iˆLF
B∗maxAmin
)
B∗max =
Bmax
1 + 1
2
∆iHF
iˆLF
where Amin is the minimum core cross-sectional area. In PM
cores, Ac1 stands for the cross-sectional area of the central leg
[3] which coincides with Amin [7]. As was noted before, in
all simulations it holds ∆iHF
iˆLF
≪ 1 and so B∗max ≈ Bmax.
Being the PM a three-legged core, to obtain the gap length
g when qg = 1, [5] avoids solving the nonlinear implicit
equations [6]
g =
µ0AeN
2
L ˆrev
F − le
µi
(1)
F = 1 +
g√
Ac1
ln
(
2h1
g
)
(2)
by using the approach explained next. F is the so-called
fringing factor; µ0 is the vacuum permeability; Ae and le are
the effective core area and core length respectively. h1 is the
height of the core central leg, defined for PM cores in [3].
In Equation (1), the approximation F ≈ (F ∗ − 1)F ∗ + 1 is
then used, where F ∗ comes from Equation (2) when g = g∗.
The ideal air gap g∗ is obtained from Equation (1) by making
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Fig. 3. {Nmin, gopt} and {N, g} as a function of iˆLF , for a constant L ˆrev :
a) 0.5mH, b) 2mH. N87 ferrite material, qg = 1.
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Fig. 4. {Nmin, gopt} and {N, g} as a function of iˆLF , for a constant L ˆrev :
a) 0.5mH, b) 2mH. N87 ferrite material, qg = 2.
F = 1. Note that [5] does not have provisions for the case
qg = 2, where there are two air gaps with equal g but different
cross-sectional areas: the central leg area Ac1 and the external
legs combined area Ac5 [3]. To obtain better design results in
those cases, this paper proposes the use of
F =
1
1
F1
+ 1
F5
(3)
as a natural extension to the fringing factor F of Equation (2).
The fringing factors of each air gap, F1 and F5 are identical to
Equation (2) except for F5 in which Ac1 is replaced by Ac5.
In the following simulation, the resulting solutions
{Nmin, gopt} using the design algorithm of [1] are compared
against {N, g} of [5], for the same design specifications. A
first set of comparisons (Figures 1-4) are made as a function of
the target iˆLF for a constant target L ˆrev: 0.5mH in Subfigures
a); 2mH in Subfigures b). A second set of comparisons
(Figures 5-6) are made as a function of the target iˆLF for a
constant target ∆iHF
iˆLF
: 1% in Subfigures a); 5% in Subfigures
b). A third set of comparisons (Figures 7-8) are made as a
function of the target ∆iHF
iˆLF
for a constant target iˆLF : 4A in
Subfigures a); 16A in Subfigures b). In all the upper parts of
Subfigures a) and b), the dashed blue curves are references to
the maximum number of turns Nmax that could be allocated
inside the coil former for kuJ = 1.5A/mm
2, where ku is the
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Fig. 5. {Nmin, gopt} and {N, g} as a function of iˆLF , for a constant
∆iHF
iˆLF
: a) 1%, b) 5%. N27 ferrite material, qg = 2.
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Fig. 6. {Nmin, gopt} and {N, g} as a function of iˆLF , for a constant
∆iHF
iˆLF
: a) 1%, b) 5%. N87 ferrite material, qg = 2.
winding utilization factor and J is the current density allowed
in the wires. In all the lower parts of Subfigures a) and b), the
dashed blue curves are gopt ±∆g.
The results show that Nmin tend to be higher than N when
kuJ is set relatively low, for example to purposely obtain low
stray capacitance and/or low loss inductors. In these cases,
Nmin should be a more accurate solution than N because [5]
does not consider Rca and Rc ˆrev to be dissimilar and to be
comparable to Rgg , for determining the magnetic flux. When
the number of turns is even lower, the impact of Rgo can also
further increaseNmin with respect toN . For the same reasons,
the difference between Nmin and N tends to disappear when
kuJ increases since Rgg dominates then. Moreover, Nmin
tends to be lower than N for relatively large kuJ limits which
enhances efficiency. gopt is clearly smaller than g in most
cases.
If the ferrite material N27 is replaced by the higher quality
N87 one, Nmin tends to get closer to N since Rc ˆrev is lower
and varies less from Rci as the target iˆLF increases. For the
same design specifications, the use of an N87 material leads
to a lower Nmin than with an N27 material, which reduces
the winding loss. However, [5] yields the same N regardless
the ferrite material employed.
It can be noted that when N ≈ Nmin, the trend is g > gopt.
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Fig. 7. {Nmin, gopt} and {N, g} as a function of
∆iHF
iˆLF
, for a constant
iˆLF : a) 4A, b) 16A. N27 ferrite material, qg = 2.
To explain this, consider the arithmetic difference between
the achievable 1
L ˆrev
for a target iˆLF and the target
1
L ˆrev
,
as a function of ΨˆLF for a given N . That is referred to as
f(ΨˆLF , N) [1] and it is plotted in green lines in Figure 9
for increasing values of N . Wherever f(•) > 0, the current
L ˆrev is lower than the target one, and vice versa. Since [5]
considers µ ˆrev = µa its corresponding f(•) follows the ideal
dashed cyan line of Figure 9. As it usually crosses the x-axis
at a lower ΨˆLF than in the case of the corresponding f(•)
of [1], the gap required in the former case would be larger
to maintain that lower flux. It is worth mentioning that [1]
adjusts gopt to place ΨˆLF in between the two points where
F (•) crosses the x-axis so a bounded manufacturing tolerance
in the actual g can still maintain the actual L ˆrev at least equal
to the target one. On the contrary, [5] would place ΨˆLF just
in the limit and thus any minimum increase of the gap length
would immediately decrease the actual L ˆrev from the target
value. Likewise, [5] overestimates µ ˆrev where g ≈ gopt since
there N < Nmin. This is evident from Figure 9 because [5]
assumes µ ˆrev to be always equal to µi but in reality, µ ˆrev < µi
at the point where ΨˆLF currently operates.
As a result of those issues and according to [1]
L ˆrev =
N2
Rc ˆrev +Rg(g)
(4)
{N, g} would yield an actual L ˆrev lower than the correspond-
ingly predicted by {Nmin, gopt} wherever are concurrently
g > gopt and N < Nmin.
IV. COMPARISON: INITIAL INDUCTANCE AND ROLL-OFF
AT PEAK CURRENT
In this section, the design method described in [1] is
compared with the one proposed in [8]. It requires to initially
set a target Li and adopt an arbitrary roll-off, RO, to get L ˆrev
at the targeted iˆLF .
Once the ungapped core model is selected
µe =
L ˆrev
(1−RO)
N2le
µ0Ae
(5)
RO =
Li − L ˆrev
Li
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Fig. 8. {Nmin, gopt} and {N, g} as a function of
∆iHF
iˆLF
, for a constant
iˆLF : a) 4A, b) 16A. N87 ferrite material, qg = 2.
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Fig. 9. µa, µ ˆrev in Amin and f(ΨˆLF , N) as a function of ΨˆLF normalized
against its saturation value Ψs [1]
where µe is the effective permeability of the derived gapped
core to be finally employed. N and µe are obtained simulta-
neously solving
0 =
1−RO
L ˆrev
N2 − iˆLF
AminBˆLF (µ ˆrev)
N − le
µ0µiAe
(6)
µ ˆrev =
1
RO
1−RO
1
µe
+ 1
µi
along with Equation (5). The explicit function for µ ˆrev
(
BˆLF
)
defined in [4], which is also used by the inductance model of
[1], has to be numerically inverted to finally obtain BˆLF (µ ˆrev)
in Equation (6). Note that if the resulting µe needs to be ad-
justed to the nearest commercial off-the-shelf value available,
then N is recalculated, which may end altering L ˆrev or iˆLF .
Otherwise, a customized air gap of length
g =
(
1
µe
− 1
µi
)
le
is here proposed, which is only valid for relatively small air
gaps and qg = 1. Customized gapped core with qg = 2, cannot
be directly handled by this design approach.
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Fig. 10. Li, L ˆrev and RO as a function of iˆLF , for a constant L ˆrev : a)
0.5mH, b) 2mH. N27 ferrite material, qg = 2.
1 4.75 8.5 12.25 16
0
0.25
0.5
0.75
1
i^LF [A]
L 
[m
H]
a)
 
 
0
5
10
15
20
|L^ r
e
v−
L i
|/L
i [%
]
Li
Li @25
oC
L^
rev
0.5 2.875 5.25 7.625 10
0
1
2
3
4
i^LF [A]
L 
[m
H]
b)
 
 
0
5
10
15
20
|L^ r
e
v−
L i
|/L
i [%
]
Li
Li @25
oC
L^
rev
Fig. 11. Li, L ˆrev and RO as a function of iˆLF , for a constant L ˆrev : a)
0.5mH, b) 2mH. N87 ferrite material, qg = 2.
The main purpose of this section is not to compare ab-
solute results of both design methods, like was done in the
previous section. It is rather oriented to conceptually discuss
the rationale of [8]. To this end, Li and L ˆrev are calculated
using [1] alike in the previous section. The resulting RO are
then examined. Figures 10-13 show in solid lines the resulting
Li and L ˆrev using nominal parameters {Nmin, gopt, AL}
as a function of the target iˆLF , where AL is the nominal
inductance factor of the ungapped core. In Figures 10-11,
constant target L ˆrev: 0.5mH in subfigure a); 2mH in subfigure
b) are used. In Figures 12-13, constant ∆iHF
iˆLF
: 1% in subfigure
a); 5% in subfigure b) are employed. In Figures 14-15, Li
and L ˆrev are obtained as a function of
∆iHF
iˆLF
for constant
iˆLF : 4A in subfigure a); 16A in subfigure b). For all figures,
Tc = 25
oC in cyan lines. Upper and lower dashed blue and
cyan lines correspond to the limit variations on Li when it
is calculated with parameters {Nmin, gopt−∆g,ALmax} and
{Nmin, gopt +∆g,ALmin}, respectively. ALmax and ALmin
are the tolerance limits of AL. The red dashed lines are the
limits on L ˆrev calculated under the same extreme parameters
as before, which certainly coincide with the target L ˆrev. The
resulting associated RO is then obtained with values of Li
and L ˆrev from the solid lines in blue and red respectively.
The RO tend to be smaller where ferrite material N87
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Fig. 13. Li, L ˆrev and RO as a function of iˆLF , for a constant
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: a)
1%, b) 5%. N87 ferrite material, qg = 2.
rather than N27 is employed which indicates that the former
one would yield inductors with more stable inductance as
the existing peak current increases from zero to the rated
iˆLF . For both materials however, inductors rated at higher
iˆLF or L ˆrev also tend to have an smaller RO since the air
gap (linear) mandates over the core reluctance (non-linear)
in those situations. In light of these simulations it can be
concluded that, if the inductor is to be designed with the
minimum number of turns in mind, the resulting RO is highly
dependent on the target L ˆrev, iˆLF and the ferrite material
selected. However, the actual RO can only be determined
once the design is over. Thus, an arbitrary adoption of RO
at the beginning of the design process, as the approach in [8]
demands, it would yield in most cases a sub optimal design.
V. BEHAVIOUR OF INDUCTORS BEYOND SPECIFICATIONS
Figure 16 shows the evolution of L ˆrev, as the current value
of iˆLF through the inductor increases from 0A up to a 10%
more than the rated current iˆLF = 6A, for a design target L ˆrev
equal to 2mH , 1mH and 0.5mH . While the current iˆLF is
lower than the design target iˆLF , the upper and lower dashed
lines correspond to the limit situations {gopt − ∆g,ALmax}
and {gopt+∆g,ALmin} respectively; after that, their relative
positions invert. The solid line between them is the resulting
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nominal inductance with {gopt, AL}. As it is guaranteed, the
dashed lines converge to the design target L ˆrev when iˆLF
matches the design target iˆLF and, as is expected, the more
g approaches to gopt + ∆g, the more robust is the inductor
when the design target iˆLF is surpassed. This is achieved at
the expense of obtaining an inductance that, though higher
than the design target L ˆrev , is lower than the nominal while
the current iˆLF is below the design target iˆLF . The previous
analysis was done under the assumption of a uniform and
constant core temperature Tc = ~100oC. Figure 17-a) shows
the behaviour of L ˆrev when Tc varies from ~100oC down to
~25oC. The plane parallel to the x−y axes is the design target
inductance L ˆrev = 0.5mH . The lower curved surface is the
lower limit of inductance, which touches the plane of target
inductance only at the design point {iˆLF = 8A, Tc = ~100oC}.
The upper surface is the nominal inductance, always well
above the other two surfaces. Although in this particular design
made at Tc = ~100oC none of the curved surfaces trespasses
the plane of target inductance while the current Tc decreases
from that design temperature, this cannot be ensured to be
so for any design. The behaviour of another inductor based
on the same core model with the same L ˆrev but rated at
iˆLF = 4A is depicted in Figure 17-b). It reveals that the
minimum value of inductance can take values below the design
target as Tc approaches ~25oC. That may or may not be a
problem but it suggests doing another design attempt at the
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lowest temperature of interest and then to test whether that
inductor complies with the required inductance all through the
temperature span.
VI. CONCLUSION
The comparative results obtained from the simulation on
the PM core TDK-EPCOS 62/49 have shown that the in-
ductance model and the design method developed in [1] has
clear advantages over the other common design approaches
here examined. Being grounded on a sufficiently detailed
inductance model, the optimized design method brings to
the designer much more confidence in obtaining an inductor
with a guaranteed inductance at the design specifications of
peak current and core temperature. Also it proves that the
inevitable manufacturing tolerances in the air gap length, if
are kept below a certain limit, are not going to degrade the
specifications of the designed inductor. Although [1] requires a
more complex modelling of the inductor and more number of
steps are devoted in findingNmin and gopt, all core parameters
are readily available from the manufacturer’s datasheet while
the model and the design strategy can be easily implemented
under any scientific programming language, such as Matlab
7or Scilab. Once the inductance model is numerically imple-
mented, it can also be conveniently employed for a given
inductor, designed according to any methodology, to verify
its inductance evolution under typical or limiting operational
scenarios as well as predict behaviours beyond specifications.
Future works are expected in assessing inductors based on
other core shapes and performing experimental measurements
of inductance over prototype inductors designed with [1].
APPENDIX A
REFERENCES TO VARIABLES AND PARAMETERS
TABLE I
LIST OF VARIABLES AND PARAMETERS
Symbol Definition Ref.
BˆLF Low-frequency magnetic induction at ΨˆLF [4]
∆BHF High-frequency incremental magnetic induction [4]
iˆLF Low-frequency peak current [4] [1]
∆iHF High-frequency incremental inductor current [4] [1]
Li Initial inductance [4] [1]
La Amplitude inductance at iˆLF [4] [1]
L
∆ˆ
Incremental inductance at iˆLF [4] [1]
L ˆrev Reversible inductance at iˆLF [4] [1]
µi Initial permeability [4]
µa Amplitude permeability at BˆLF [4]
µ ˆrev Reversible permeability at BˆLF [4]
Rci Initial core reluctance [4]
Rca Amplitude core reluctance at ΨˆLF [4]
Rc ˆrev Reversible core reluctance at ΨˆLF [4]
Rgg Air gap reluctance due to length g [1]
Rgo Residual air gap reluctance [1]
ΨˆLF Low-frequency magnetic flux at iˆLF [4] [1]
∆ΨHF High-frequency incremental magnetic flux [4] [1]
Tc Vector of core temperature distribution [1]
In Table I a list of variables and parameters referred in this
paper, which are employed by the inductance model and the
design method of [1], is presented. In each cited reference,
the definition of the parameter is given and explained into an
appropriate context.
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